A cDNA clone (clone 71) that encodes a low-affinity receptor for murine granulocyte-macrophage colony-stimulating factor (GM-CSF) has been isolated by direct expression. This molecule is the homologue of the human GM-CSF receptor a subunit, although homology between these molecules is surprisingly low (less than 35% amino acid identity). The cDNA encodes a polypeptide of 387 amino acids, which contains the conserved features of the hematopoietin receptor superfamily. When expressed in COS-7 cells, this clone encodes a protein that binds radiolabeled murine GM-CSF with low affinity. Coexpression of clone 71 with a cDNA corresponding to a low-affinity interleukin 3 (IL-3) receptor (AIC2A) did not alter the affinity of binding of either GM-CSF or IL-3. However, coexpression of clone 71 with the IL-3 receptor-related cDNA AIC2B generated high-affinity binding sites for murine GM-CSF but not murine IL-3. These studies show that clone 71 and AIC2B are capable of forming an aj3 complex capable ofbinding murine GM-CSF with high affinity, while AIC2A appears not to be a component of the murine GM-CSF receptor.
Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a cytokine that has been characterized as a molecule capable of stimulating proliferation and differentiation of granulocyte/macrophage progenitor cells as well as modulating the functional activity of mature granulocytes and macrophages (1) . Recent studies have documented a broader range of biological activities for GM-CSF, which overlap substantially with the effects of interleukin 3 (IL-3) (2) . Insights into the molecular basis of the overlapping biological functions of these two molecules have come from studies of the cell surface receptors to which they bind. We (3, 4) and others (5) (6) (7) (8) (9) have described the existence of a heterogeneous population of receptors for GM-CSF and IL-3 on a variety of human primary cells and cell lines. GM-CSF and IL-3 are capable of directly competing for binding to at least a subset of these cell-surface receptors.
The recent cloning of component subunits of the human GM-CSF and IL-3 receptors has contributed substantially to our understanding of the molecular nature of this complex receptor system. The first cDNA isolated encoded a human GM-CSF-binding subunit (termed the a subunit) which was shown to manifest only low-affinity GM-CSF binding (10, 11) . Subsequently, a second subunit of the human GM-CSF receptor (GM-CSFR) was cloned that lacked direct binding activity but was capable of generating high-affinity GM-CSF binding when coexpressed with the GM-CSFR a subunit (12) . It was proposed that this second subunit (termed the ,t3 subunit) might be a shared component of a separate IL-3 receptor (IL-3R) complex, thereby explaining both the crosscompetition of binding and overlapping biological activities of GM-CSF and IL-3 (12) . The very recent cloning of a low-affinity human IL-3R subunit has now confirmed this hypothesis (13) . Gaining an understanding of the GM-CSF/ IL-3 receptor system has been complicated by the fact that significant differences in this system appear to exist between mice and humans. It has been reported (14) that on some types of murine cells, IL-3 is capable of down-modulating the GM-CSFR at 370C. This is quite different from the direct cross-competition for receptor binding seen with GM-CSF and IL-3 on human cells, which occurs at 40C. No direct cross-competition of this type has been reported on murine cells.
Two apparent components of the murine GM-CSF/IL-3 receptor system have been cloned to date, termed AIC2A (15) and AIC2B (16) . These molecules are greater than 90% identical; however, AIC2A has been shown to bind murine IL-3, while AIC2B does not. Neither molecule binds GM-CSF. AIC2A and AIC2B are homologous to the human GM-CSFR p subunit, which does not bind GM-CSF or IL-3; however, a human homologue of AIC2A, which binds IL-3 with low affinity, has not been found (12) . The specific roles AIC2A and AIC2B may play in the murine GM-CSF/IL-3 receptor system, and how these relate to the corresponding human system, are not yet clear. Recently, reconstitution studies in which the human GM-CSFR a subunit was coexpressed in CTLL cells with either AIC2A or AIC2B have suggested that AIC2B is likely to be the , subunit of the mouse GM-CSFR (17) . In this paper we describe the molecular cloning of a murine (mu)GM-CSFR subunit, with distant but significant homology to the previously described human GM-CSFR a subunit. (18) were added directly to the cultures and Abbreviations: GM-CSF, granulocyte-macrophage colonystimulating factor; GM-CSFR, GM-CSF receptor; IL-3, interleukin 3; IL-3R, IL-3 receptor; mu-, murine. *To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (20) . cDNA Library Construction, Screening, and Analysis. Total cellular RNA was isolated from NS1.1 cells as described below and polyadenylylated RNA was prepared as previously described (21) . Double-stranded, oligo(dT)-primed cDNA was prepared with a commercial kit (Amersham) and size fractionated by velocity sedimentation through a sucrose gradient containing 0.5 M sodium acetate. cDNAs larger than =2 kilobases (kb) were ligated into the mammalian expression vector pDC302 (22) and used to transform Escherichia coli strain DH5a as previously described (23) . Screening of cDNA pools by direct expression in COS-7 cells was performed by an in situ autoradiographic plate binding assay (24) as previously described (25) . Plates were incubated with 2 nM 125I-labeled muGM-CSF for 1 hr at 25°C. Sequences of isolated cDNA clones were analyzed by using computer programs of the Wisconsin sequence analysis package (GCG; Madison, WI) (26) .
RNA Analysis. Total cellular RNAs were isolated and prepared for Northern analysis as previously described (23) . Filters were probed with a 32P-labeled antisense RNA prepared by T7 RNA polymerase transcription of a fragment of the clone 71 sequence between nucleotides 932 and 1604 generated by PCR. High-stringency blot hybridization and wash conditions were as previously described (27) with the exception of a final 20-min wash at 68°C in 0.025 x SSC (1x SSC = 0.15 M NaCl/0.015 M sodium citrate, pH 7.0).
Isolation of cDNA Clones Corresponding to AIC2A and AIC2B. The AIC2A and AIC2B type receptor cDNA clones, 3-2 and 42-324, respectively, were prepared by PCR of NS1.1 cDNA using the oligonucleotide primers 5'-CCTTGCCCAT-AGCTTGTGCAGCCACC-3' and 5'-ACCTTCCCAGACTG-GCTATTGTCCCAAGG-3', which flank the 2.8-kb coding region of the AIC2A sequence of Itoh et al. (15) . Equilibrium binding studies with 125I-labeled muGM-CSF showed that NS1.1 cells produced a curvilinear Scatchard plot (Fig. 1A) as opposed to the linear Scatchard plot observed with a representative control (Fig. 1B) cytoplasmic domain of 38 residues. The amino acid sequence hematopoietin receptor family (29) . In each case, the homolof the murine receptor precursor showed a maximum of 35% ogy was confined to the membrane-proximal -200 residues amino acid identity to the 400-residue human GM-CSFR of the murine receptor extracellular region, which contains precursor sequence (10) and contained a cytoplasmic region the sequence features that define the hematopoietin receptor 16 residues shorter than the human (Fig. 2C) .
RESULTS
family (boxed in Fig. 2C ). This region of the muGM-CSFR is A computer search of several data bases found homologies preceded by an N-terminal "cap" of -90 residues, which is only between the muGM-CSFR and other members of the unrelated to the immunoglobulin-like sequence identified at Proc. Nati. Acad. Sci. USA 89 (1992) the N terminus of the interleukin 6 and granulocyte colonystimulating factor receptors (23, 30) but appears homologous to the corresponding region of the human GM-CSFR sequence.
Expression of GM-CSFR mRNA. A 672-bp antisense RNA probe derived from the clone 71 sequence was used to probe Northern blots of RNAs isolated from a variety of sources (Fig. 3) . Hybridizing bands of approximately 1.8 and 2.6 kb were detected in RNA isolated from cells known to bind GM-CSF, including the NS1.1 and LSTRA cell lines and unfractionated bone marrow and peritoneal macrophages from normal mice. Interestingly, although these transcripts were evident in RNA from the GM-CSF-responsive FDCP2-1D cell line, they were not detected in the unresponsive line FDCP2. Under the stringent conditions used, no specific hybridization was seen with RNAs isolated from the T-cell line CTLL or the bone marrow stromal cell line LDA11.
Characteristics of Recombinant muGM-CSFR. The binding characteristics of the muGM-CSFR clone 71 were assessed after expression in COS-7 cells alone, or when expressed with clone 3-2 (AIC2A) or 42-324 (AIC2B). Clone 71 expressed either alone or in combination with clone 3-2 exhibited only low-affinity binding (Fig. 4A ) with a Ka between 107 and 101 M-1. However, when clone 71 was coexpressed with clone 42-324 (Fig. 4B) , a subpopulation of high-affinity GM-CSF binding sites (5000 ± 100) was observed with a Ka of 2.7 ± 0.9 x 1010 M-1. Clone 71 alone did not bind muIL-3, nor did muIL-3 compete for 12I-muGM-CSF binding when clone 71 was coexpressed with clone 3-2 or 42-324. In addition, coexpression with clone 71 did not alter the low-affinity binding of muIL-3 to expressed clone 3-2, nor did it induce clone 42-324 to bind muIL-3.
The molecular nature of the muGM-CSFR was examined by affinity crosslinking as depicted in Fig. 5 . Clone 71 expressed either alone or in the presence of clone 3-2 generated a single, relatively broad crosslinked complex of Mr 70,000-80,000 (Fig. 5, lane b) . This would correspond to a receptor protein of Mr 50,000-60,000, which is somewhat smaller than the expressed molecular weight of the human GM-CSFR a subunit (10) . Crosslinking to this species was inhibited by unlabeled muGM-CSF (Fig. 5, lane c) but not by unlabeled muIL-3 (Fig. 5, lane d) This would correspond to a receptor species of 130,000 which is similar to the expressed molecular weight reported for the AIC2A protein (15) .
DISCUSSION
This report describes the molecular cloning of a low-affinity binding subunit of the muGM-CSFR by using a direct expression approach. Although this molecule is clearly the homologue of the human GM-CSFR a chain (10), isolation of a cDNA by cross-species hybridization was precluded by the relatively low homology (less than 35% at the amino acid level) it exhibits relative to its human counterpart. In fact, we have been unable to demonstrate any detectable hybridization ofeither murine or human GM-CSFR a probes to mRNA samples from the opposite species. Not unexpectedly, the isolated muGM-CSFR cDNA was found to be a member of the hematopoietin receptor superfamily (29) . It with an alternative cytoplasmic domain (32) . During this study, we did not isolate any muGM-CSFR cDNA clones that would be predicted to encode soluble forms or to contain alternative cytoplasmic domains, although this does not rule out the possibility that such cDNA forms may exist.
The low-affinity human GM-CSFR a subunit can be converted to a high-affinity GM-CSF binding complex in the presence of a 83 subunit (12) , which has very recently been shown to also serve as a high-affinity converter protein for low-affinity human IL-3 receptor (IL-3R) (13) and interleukin 5 receptor (IL-5R) (33) a subunits. Competition between low-affinity binding subunits of human GM-CSF, IL-3, and IL-5 for this common (3 chain appears to be the mechanism by which these three ligands are capable of inhibiting each other's binding to cell-surface receptors (13, 33) . The human (3 subunit, KH97, was originally cloned by cross-species hybridization using a probe specific for the AIC2A and AIC2B molecules (12) . Interestingly, this 3 subunit was the only AIC2A/B homologue found in humans, raising the question of why there are two murine ,(-type molecules and what their roles are. We have examined the ability of AIC2A and AIC2B to serve as high-affinity converter proteins for the muGM-CSFR a subunit and found that only AIC2B is able to generate a high-affinity muGM-CSF binding complex. AIC2B has also been recently shown to be a high-affinity converter protein for the murine IL-5R a subunit, while AIC2A was ineffective (34, 35) . Although cloning of a murine IL-3R a subunit homologous to that isolated from human cells has not been reported, it has been suggested that AIC2A may be a high-affinity converter exclusive to this putative muIL-3R a subunit (13) . Whether AIC2B could also serve as a high-affinity converter for a muIL-3Ra subunit is unknown. It is interesting to note, however, that no cross-competition between IL-3, GM-CSF, and IL-5 binding to murine cells has been reported in the literature. The fact that the muGM-CSFR and muIL-SR a subunits share a common ( chain suggests that cross-competition could occur, as has been observed in the human system (33, 36, 37) . The reason it has not been observed in the mouse system may simply be that the AIC2A and AIC2B (8 subunits may be abundantly expressed relative to the a subunits.
Why these apparent differences exist between the mouse and human systems is not clear, but it would appear that divergence is present in both the receptor and ligand sides of the system. Just as the efforts to clone a muGM-CSFR a subunit by cross-species hybridization were precluded due to low homology, the efforts several years ago to clone a human IL-3 molecule from its murine counterpart by this method were also initially unsuccessful for the same reason (38) . As the components of this receptor system are further explored, it will be of considerable interest to investigate how the divergence between the human and murine systems is carried through to the signal transduction machinery of these receptors and what mechanisms may exist to mediate ligandspecific signaling.
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